Hydrodynamic cavitation is analysed by a global thermodynamics principle following an approach based on the maximum irreversible entropy variation that has already given promising results for open systems and has been successfully applied in specific engineering problems. In this paper we present a new phenomenological method to evaluate the conditions inducing cavitation. We think this method could be useful in the design of turbo-machineries and related technologies: it represents both an original physical approach to cavitation and an economical saving in planning because the theoretical analysis could allow engineers to reduce the experimental tests and the costs of the design process.
Introduction
Cavitation consists of the generation and the subsequent collapse of cavities in a liquid as a consequence of the flow of the bulk liquid. This process is very important in technology and science because the collapse of the bubbles may cause the rise of the local temperature and pressure resulting in local energy fluctuation [1] [2] [3] . Cavitation reduces the fluid power efficiency. One of the remarkable consequences of cavitation is erosion, which is observed close to adjacent material surfaces. In order to understand the growth of cavities in homogeneous liquids, Harumi [4] studied the cavitation intensity obtained by Niemczewski [3] applying the Landau theory of fluctuation [5] to the local quantities such as pressure and temperature. Considering the relationship between the tensile strength of liquid and the cavities' fluctuations in the bulk, he demonstrated that the cavitation can be realized by both fluctuations of the bulk and numbers of the vapor bubbles. The resulting cavitation probability can be expressed in terms of the fluctuations' probabilities [3] . Although it is very difficult to distinguish between the nuclei of vapor and gas inside the bulk fluid in real cavitation systems, it is emphasized that the numerical fluctuations of bubbles in liquids play an important role in experimental observations of cavitation. Often the experimental observations are not suitable to be directly used for a computational theory because some observed phenomena cannot be directly measured, as is pointed out in Refs. [3, 6] .
In thermodynamics, open systems are systems which have mass and energy flows, and they are very important in many technological applications. We apply the thermodynamics results obtained in the analysis of the open systems [7, 8] with the aim of getting a reliable computational thermo-physical model describing hydrodynamic cavitation and phase transition in fluid flows that predicts some useful parameters (temperature, local pressure, global pressure drop, etc.) needed for turbine design and related technologies.
Thermodynamics approach to cavitation
To develop the thermodynamic analysis of cavitation, it is necessary to define the thermodynamics of the system. We consider a finite control volume element in which only pressure variations produce the bubbles. The real external surface is considered as a closed thermodynamic boundary, while its entry and exit sections are open with respect to mass and energy. From the experimental results [1, 4] it can be argued that local pressure variations in the volume trigger the liquid-vapor phase transition and the consequent variations of the local temperature T (so bubbles are created), while the mean global temperature T of the system is kept constant. The bubbles cause a variation in the quality coefficient = + with vapor mass and liquid mass. Here we introduce quality as the fundamental quantity in our approach: indeed, it represents the fraction of vapor concentration in the two phase fluid flow. A surface tension work must be present in order to build the bubble surface [4] . Now, considering one horizontal pipe without external work, it follows that the irreversible entropy variation in time is (see Ref. [14] for instance):
where˙ is the mass flow through the volume, is the fluid velocity, the specific volume, P is the pressure and ∆τ = ∆ the time during which the fluid element crosses the volume. ∆ is the length of the pipe and the mean velocity is defined as = (∆ )
) . The first integral of Eq. (1) computes the effective work of the system (the work delivered by a turbine, for instance): all the phenomena related to P (i.e. the consequences of the bubbles' surface tension etc.) are included. Let us consider a fluid flow which goes into the pipe: it has a constant temperature T and pressure P , its quality is = + , with incoming vapor mass and incoming liquid mass. The specific volume of the fluid is = + ; is the liquid specific volume (the inverse of density), is the specific volume of the vapor inside the pipe, and = − . Considering the Clausius-Clapeyron equation along with the following relations (see Ref. [5] ):
and
where is the specific entropy, S the entropy, and λ(T ) is the latent heat, i. e. the amount of energy absorbed or released during phase-transition. The latent heat can be written as a linear function of temperature λ(T ) = + T . From Eq. (2) and (3), substituting for λ(T ) its temperature linear function we find the following relationship:
where and are typical constants of the vapor diluted into the liquid and is the liquid specific heat. is the quality coefficient at the entrance of the pipe: usually it is set equal to zero, but if the fluid is just coming out from another pump, for instance, we have to consider the amount of vapor present inside the liquid. From the liquid specific volume = + and from the ClausiusClapeyron equation we get:
We can now write the first integral of Eq. (1) as:
Substituting Eq. (2) and =˙ A in the second integral of Eq. (1) we obtain:
. Differentiating Eq. (5) and with same manipulations we find this useful relation between and T :
Eq. (1), the irreversible entropy variation in time, can now be written as:
Eq. (9) is introduced in order to apply the principle of maximum variation in the entropy due to irreversibility. This general principle represents a condition of stability for an open system (see Ref. [9] ), and the observation of cavitation in the fluid is directly related to it. In the present work we do not consider transitory cavitation effects that extinguish themselves on short time, but we take into account only cavitation effects that, once triggered, maintain themselves in the system approximately constant in time.
When cavitation occurs and continues to be constant in time as a steady state of fluid we speak of stationary cavitation.
In a general thermodynamic transformation, the condition of stability for open system steady states consists of the maximum in the variation of entropy due to irreversibility [13, 14] . In phenomena out of equilibrium, irreversibility shows itself through the fluctuations of the physical parameters of the systems. Fluctuations bring the system apparently out of stationarity and usually occur symmetrically around their average values. The probability for the occurrence of a specific thermodynamical state of the system usually follows the universal law of maximum variation of irreversible entropy. The observation frequency of a specific system state is directly controlled by a quantity that in Ref. [10] has been successfully related to the entropy due to irreversibility. Moreover irreversible entropy is of purely mechanical interpretation and is related to the ergodic hypothesis, i.e. an isolated system evolves in time visiting (with specific probabilities) all the possible microscopic states. The path of the system during its time-evolution in the phase-space corresponds to the maximum for the variation of irreversible entropy. The conclusions presented in Ref. [10] show the relation between probability evaluation in the phase-space and the statistical distribution of observed phenomena: the maximum for the variation of entropy due to irreversibility is seen as a macroscopic effect linked to probability evolution and has been successfully introduced in the analysis of dynamically systems like the one presently under investigation. In the next paragraph we show the results obtained in computing thermodynamical quantities in a cavitating fluid applying the maximum variation principle of irreversible entropy.
Conditions for a cavitating fluid
Recently the principle of maximum for the irreversible entropy variation has been proved [7, 9] as a principle of stability for open systems. Now we apply it to evaluate the physical conditions (pressure, temperature, quality, etc.) for cavitation. The variation of the irreversible entropy implies the variation of the argument of the integral in Eq. (9):
which can be reduced to the following algebraic equation:
where
The algebraic solution is:
Eq. (12) computes the threshold value for the quality coefficient : the range 0 ≤ < 1 shows the condition for the presence of bubbles ( = 0 only liquid, = 1 only vapor in the pipe). Because hydrodynamic cavitation is linked to the pressure variations, the previous result could be better expressed as a function of the global pressure drop. Considering the general solution of the Clausius-Clapeyron equation, where P is the pressure at the entrance of the pipe and P is the local pressure in the region where cavitation is expected (see Ref. [7] ):
where T , the average value of temperature in the fluid flow, is assumed to be constant, and and are the characteristic constants quoted before. It is possible to obtain a linear expression for the local temperature variation ∆T so that:
with ∆T = T − T << T , and then
Using the relationship Eq. (15) in Eq. (13) and writing down the term 1
as a function of the ratio ∆T T by Eq. (14) it can be found that:
The solution of Eq. (16) is:
with ∆T T > 0 for water.
This new approach based on the maximum entropy variation principle and quality coefficient provides a set of equations that allows the evaluation of thermodynamical quantities: Eq. (12) computes the quality coefficient threshold, over which conditions for cavitation are fulfilled, Eq. (13) shows a relationship between pressure and temperature linked to the building characteristics of the system, and in Eq. (17) local temperature variation is evaluated where the inception of cavitation is expected. A reliable coefficient that can predict if stationary cavitation will start, based on global thermodynamical parameters and on the system specific characteristics, is strongly needed. Quality fulfils these requirements and provides a sensible threshold value over which stationary cavitation has a very high probability to be observed. Indeed, quality is not usually considered in the analysis of cavitation while it allows us to describe the variation of vapor in the fluid flow, as it was pointed out in Ref. [10] . This new approach can be related to the most popular one, based on cavitation number, as follows:
1. for local pressure analyses the Clausius-Clapeyron Eq. (13) can be used, with T = T − ∆T , 2. computing the cavitation number defined as
where P is the local pressure on the transverse section of the pipe, P is the vapor pressure, ρ the liquid density and ω its velocity (Eq. (6) shows how to evaluate P, temperature measurements could be set up in zones where pressure measurements are not possible).
The cavitation number is a dimensionless coefficient used in flow calculations. In this case it embodies the relationship between the difference of the local pressure and the vapor pressure divided by the kinetic energy per volume. It is used to depict the potential of the flow to cavitate. Local pressure variations are thought to be caused by the local rising of vapor pressure P . According to Ref. [15] cavitation in pipes occurs when Ca is less than 1.5 An increase of temperature localized in the cavitating zone is observed while the global temperature of the liquid does not change significantly. The temperature increment is restricted to the region where bubbles are observed, dropping rapidly outside. If the liquid local pressure is sufficiently reduced because of the action of the turbine, air trapped at the surface of the pipe wall, for instance, diffuses into the liquid. When pressure in the fluid is further reduced, evaporation pressure of the liquid is achieved. At this point the liquid starts evaporating and cavities start filling with vapor. Bubbles appear in this volume of the pipe. Phase transition is created on the bubble surfaces and on these boundary surfaces the liquid goes on to evaporate, enlarging the bubbles themselves. If pressure rises then the bubbles' growth is stopped and they could also start to diminish. Bubbles could disappear due to the dissolution of air and the condensation of vapor, but if the bubbles are subjected to a very rapid pressure increase they implode violently and a very high pressure peak can occur. Implosion is observed to be less violent if the air quantity in the pipe is greater, because this requires a relatively slower nucleation time for bubbles. Designing a pipe to reduce at the minimum the cavitation probability means to reduce at the minimum the air (or other gas) trapped inside the pipe when it is filled with liquid; but sometimes a very small amount of gas could trigger a much greater damage, on the other hand gas inside the liquid reduces the efficiency of the overall fluid power system. Reducing the trapped gas is not an easy task: when the local pressure of the liquid decreases sufficiently, dissolved air in lubrification oil starts to come out of solution too. Cavitation occurs usually in locations where the access for measuring instruments is difficult and very limited, so we do need a phenomenological method to evaluate the physical parameters in a reliable way.
We now consider the practical case of a pipe of 1 m length, 0.05 m diameter, with a water flow˙ of 20 kg/s (water density equal to 1000 3 ) and water temperature at T=20
• C . The pipe works in a regime that keeps the output pressure fixed. The input flux is regulated in order to reach the desired outlet pressure; all the values and measurements refer to the system at the steady-state condition. Local pressure in the cavitation zone is equal to P =56.036 kPa, with P , the vapor pressure, equal to [15] ). Now we analyze the same example using Bernoulli's equation (the starting point for cavitation number). We have:
It is quite easy to find out the right numbers for the input quantities. In this case we can trust in the previous calculations putting equal to 10.2 m/s, but things are more difficult in the cavitation zone. Locally where cavitation starts we must consider a two-phase fluid, hence the fluid density is smaller than that of water (ρ < ρ ). Putting ρ = ρ i.e. just ignoring the two-phase situation, we can evaluate a lower limit for equal to 15.6 m/s. Here is the lower limit value of the velocity module of the fluid that we can see in an reasonable approximation as rotating around a vortex (many small vortices occupying the cavitating volume are also possible, but this situation is not taken into account in our approximation), while the previously computed can be seen as an the average value referred to the laminar flow through the pipe along its full length. The small value for P can be explained as an effect of the vortex. Substituting the densities (ρ's) with the corresponding specific volumes ( 's), according to the relationships ρ = 1 , = + and = − previously introduced, we find out the following equation for the fluid velocity in the cavitation zone:
where ∆P = P − P and is the quality factor. In this way we can explicitly stress the link between Bernoulli's (12) gives the quality threshold value. In Fig. 1 the behavior of the quality coefficient vs. pressure is shown, with the threshold value: in the present example under the threshold stationary cavitation does not exist, and over the threshold the conditions for the appearance of a state of stationary cavitation are fulfilled. In order to compute the quality coefficient for the system (the same as used before to evaluate the cavitation number) we refer to the relation quoted in Ref. [16] to evaluate ∆P inside the pipe at the fluid rate˙ . This phenomenological relationship computes ∆P in the pipe, independently from the occurrence of cavitation phenomena: increasing the input pressure results in a higher mass flow rate. Knowing ∆P, from the graph shows in Fig. 1 we can evaluate the quality coefficient of the system to compare with the threshold value: if we get a value over the threshold cavitation is expected. Bernoulli's equation does not really help in this situation; it is a rough approximation because it does not take into account any kind of friction and could not even distinguish between turbulent and laminar fluid motion. We choose the relationship in Ref. [16] because it is a simple easyto-use model that overcomes in a satisfactory way the obstacles due to the lack of direct measurements for local pressure drop that prevent us from solving analytically the integrals of Eq. (6) and Eq. where Re is the Reynolds number. Eq. (20) is a convenient relationship proposed in Ref. [16] to evaluate for smooth pipe. The fluid entering in the system is onephase fluid ( equal to zero). Two phase flow is created inside the pipe (to be more precisely in the sector of the pipe where stationary cavitation is triggered). We start our considerations from one-phase fluid equation, which is the condition of the entering fluid, and we proceed in order to describe in a simple way the two-phase stationary situation created by cavitation speculating on (vapor mass), (specific volume of the vapor inside the pipe) and the subsequent local increase of temperature where bubbles appear. All these physical quantities are directly linked and embodied in the quality coefficient that is the ratio between the vapor mass and the total mass in the pipe. The length L in Eq. (19) is the length of the zone where bubbles are spotted in the pipe (roughly speaking where two-phase fluid is certainly present); in this case L is around 13 cm. ∆P is the pressure drop between the local pressure on the transverse section just before the cavitating sector (where the fluid is assumed to have only one phase) and just after the cavitating sector (the length of the pipe occupied by two-phase fluid). ∆P is around 68000 Pa. Approaching cavitation through the quality coefficient could be an approximate but reasonable attempt to deal with two-phase fluid. The computational model has been proved in the pipe with the characteristics that we have before presented, with fixed output pressure. The threshold value for the quality coefficient is 5. 2 10 −3 and in the pipe we compute a value of 6.0 10 −3 (corresponding to ∆P of around 68000 Pa), which is above the threshold, so we expect the system be in a stationary cavitation state. This is what we observed experimentally. The cavitation number also predicts a stationary cavitation state for the pipe, but the quality is based on fundamental thermodynamics principles and on the average values of physical parameters. Quality is a phenomenological parameter, while cavitation number is usually introduced in engineering approaches to cavitation and is obtained from Bernoulli's principle as a coefficient of the pressure balance. Quality promises to be a more sensible coeffi-cient and to give a more precise threshold value for each application over which stationary cavitation starts.
Conclusions
The result obtained in thermodynamics analysis of cavitation consists of a phenomenological method of investigation, by which the global physical conditions for the stability of the cavitation can be evaluated. As a consequence, through a comparison between the quality in the designed pipe and the threshold value of cavitation, it is possible to predict if the two-phase fluid flow will be cavitating.
The present paper shows that with an original approach to hydrodynamic cavitation a phenomenological model could be realized in order to compute some of the physical parameters needed for the design of the most common technological applications (turbo-machinery, etc.) with an economical saving in planning because this analysis could allow engineers to reduce the experimental tests and the consequent costs in the design process.
